Yeast and vertebrate nuclear pores display significant morphological similarity by electron microscopy, but sequence similarity between the respective proteins has been more difficult to observe. Herein we have identified a vertebrate nucleoporin, Nup93, in both human and Xenopus that has proved to be an evolutionarily related homologue of the yeast nucleoporin Nic96p. Polyclonal antiserum to human Nup93 detects corresponding proteins in human, rat, and Xenopus cells. Immunofluorescence and immunoelectron microscopy localize vertebrate Nup93 at the nuclear basket and at or near the nuclear entry to the gated channel of the pore. Immunoprecipitation from both mammalian and Xenopus cell extracts indicates that a small fraction of Nup93 physically interacts with the nucleoporin p62, just as yeast Nic96p interacts with the yeast p62 homologue. However, a large fraction of vertebrate Nup93 is extracted from pores and is also present in Xenopus egg extracts in complex with a newly discovered 205-kDa protein. Mass spectrometric sequencing of the human 205-kDa protein reveals that this protein is encoded by an open reading frame, KIAAO225, present in the human database. The putative human nucleoporin of 205 kDa has related sequence homologues in Caenorhabditis elegans and Saccharomyces cerevisiae. To analyze the role of the Nup93 complex in the pore, nuclei were assembled that lack the Nup93 complex after immunodepletion of a Xenopus nuclear reconstitution extract. The Nup93-complex-depleted nuclei are clearly defective for correct nuclear pore assembly. From these experiments, we conclude that the vertebrate and yeast pore have significant homology in their functionally important cores and that, with the identification of Nup93 and the 205-kDa protein, we have extended the knowledge of the nearest-neighbor interactions of this core in both yeast and vertebrates.
INTRODUCTION
The nuclear pore complex (NPC) is a large macromolecular structure that fuses and perforates the two nuclear membranes. The 120-million-dalton nuclear pore provides the major route for the active transport of molecules between the nucleus and cytoplasm (for recent review, see Davis, 1995; Goldberg and Allen, 1995; Panté and Aebi, 1995; Simos and Hurt, 1995) . From electron microscopy, the pore complex is seen to have a modular organization, consisting of an octasymmetrical framework of eight spokes sandwiched between cytoplasmic and nuclear rings. The spokes embrace a central channel or "transporter" that is thought to carry out the gated aspects of nucleocyto-plasmic transport (Unwin and Milligan, 1982; Akey and Radermacher, 1993) . Other microscopically visible features include eight cytoplasmic filaments, which extend from the cytoplasmic ring of the pore, and a nuclear basket, which extends from the nuclear ring of the pore into the nucleoplasm. Electron microscopy reveals that the eightfold symmetry and modular aspects of the pore complex have been largely conserved in evolution from yeast to higher eukaryotes (Rout and Blobel, 1993) , although the yeast pore is somewhat smaller with some reduction in domain number. The strong overall conservation in pore morphology, however, suggests that the complex structure is in some way essential to bidirectional nucleocytoplasmic transport.
The cytoplasmic factors required for nuclear transport have also been substantially conserved through evolution. The nuclear localization sequence (NLS) receptor proteins, importin ␣ and ␤, as well as the accessory cytoplasmic factors Ran and NTF2, are each highly conserved between yeast and vertebrates (Moore and Blobel, 1993; Gö rlich et al., 1994 Gö rlich et al., , 1996 Yano et al., 1994; Becker et al., 1995; Chi et al., 1995; Enenkel et al., 1995; Ren et al., 1995; Clarkson et al., 1996; Corbett et al., 1996) . Thus, it has come as a puzzle why much less similarity has been observed between the actual pore proteins themselves in yeast and vertebrates. One possibility is that the disparity is a function of not having identified a significant enough fraction of pore proteins in each species to achieve many matches. As more pore proteins are identified and as the entire yeast genome has become known, this is less likely. A second possibility is that the molecular structure of the pore is less conserved than the morphological structure.
For a number of years, researchers have wished to combine the power of genetics in the yeast system with the reconstitution and immunocytochemical observations possible with vertebrate systems. If such combinations were possible, then theoretically one could arrive at a fuller picture of the pore and the mechanism of nuclear import. In consequence, we have sought proteins that are similar between the evolutionarily distant vertebrate and yeast systems in the expectation that these will allow us to use the genetic deductions derived from yeast and apply them directly to an understanding of the vertebrate pore, with all the ramifications that may have for oncogenesis, signal transduction, viral infection, and other processes influenced by nuclear transport. In addition, conserved proteins would be thought to be those most integral to the machinery of the pore.
To date, only four pairs of unique nucleoporins show homology over their entire amino acid sequence between yeast and vertebrates, rat p62/S.c. Nsp1p, rat Nup107/S.c. Nup84p, rat Nup155/S.c. Nup170p and rat/Xenopus Nup98/S. c. Nup116p (where S.c. is Saccharomyces cerevisiae; Carmo-Fonseca et al., 1991; Radu et al., 1994; Aitchison et al., 1995a; Powers et al., 1995; Radu et al., 1995; Kenna et al., 1996; Siniossoglou et al., 1996) . The first pore protein ever identified in vertebrates was p62 and was shown to be vital to the process of nuclear import (Davis and Blobel, 1986; Finlay et al., 1991) . Nucleoporin p62 is homologous in sequence to one of the first pore proteins identified in yeast, Nsp1 (Nehrbass et al., 1990; Carmo-Fonseca et al., 1991) . Both proteins contain FXFG repeats in their amino-terminal domains, but more importantly, both contain unique carboxyl termini that are identical in length and are 32% identical (Nehrbass et al., 1990; Carmo-Fonseca et al., 1991) . Electron microscopy and transport data place p62 and Nsp1p in the functional core of the pore: when Xenopus nuclei were reconstituted without the p62 complex, the altered NPC no longer imported nuclear proteins (Finlay et al., 1991) . Mutations in the components of the yeast Nsp1p complex similarly impair nuclear protein import (Grandi et al., 1995b) . In vertebrates, the functionally essential epitopes of p62 have been found at both the cytoplasmic and nuclear sides of the central "transporter" (Grote et al., 1995; Guan et al., 1995) . It is for this reason that we tried to extend our knowledge of the pore from these centrally located proteins outward.
Early on it was reasoned that identification of the neighbors of known pore proteins would eventually lead to a three-dimensional structure of the pore, which contains up to 100 different proteins, and in addition, would lead to the discovery of novel pore proteins. Lacking genetics this has been the major mode of attack in the vertebrate pore and has also proved highly useful in the study of the yeast pore. Protein p62 was found to be extractable from rat liver pores in a major complex of four nucleoporins, p62, p58, p54, and p45 (Dabauvalle et al., 1990; Finlay et al., 1991; Kita et al., 1993; Buss and Stewart, 1995; Guan et al., 1995; Hu et al., 1996) . Xenopus p62 was also seen in a less abundant second complex with the putative oncogenic nucleoporin Nup214/CAN, presumably hinting toward another nearest neighbor in the threedimensional structure of the pore . In yeast, Nsp1p can be extracted from pores in a tight complex with three proteins, Nup49p, Nup57p, and a large protein, Nic96p (Grandi et al., 1993 (Grandi et al., , 1995a , which led to the discovery of these proteins as pore proteins physically associated with Nsp1p. Cloned genes exist for vertebrate p58, p54, and p45 and for yeast Nup49p and Nup57p (Grandi et al., 1993; Hu et al., 1996) . Our attention focused then on Nic96p, the protein present in the yeast complex because it is extracted from pores but missing in the extracted vertebrate p62 complex. In yeast, mutants in Nic96p are defective in import, and from genetic and biochemical data, Nic96p is proposed to provide a binding site for the heterotrimeric Nsp1p complex to the large NPC scaffold (Grandi et al., 1993; Nehrbass et al., 1993; Grandi et al., 1995b; Loeb et al., 1995; Shulga et al., 1996) . We asked whether we could find any evidence of a homologue for Nic96p in vertebrates.
In this study, we report the finding of a 93-kDa nucleoporin, termed Nup93, in both Xenopus and humans. Nup93 appears to be the vertebrate homologue of yeast Nic96p with homology throughout its length. By immunoelectron microscopy on vertebrate pores, Nup93 localizes both to the basket of the pore and to the nuclear entry of the central gated channel of the pore. Immunoprecipitation of nucleoporin Nup93 shows that it forms a tight complex with a previously undiscovered 205-kDa protein. Partial sequencing of this latter protein by mass spectrometry has led to identification of the human gene encoding the 205-kDa protein, as well as to related homologues in S. cerevisiae and Caenorhabditis elegans. A fraction of Nup93 also interacts with p62. Using a Xenopus nuclear reconstitution system to prepare vertebrate nuclei lacking Nup93, we show that the vertebrate Nup93 complex is required for correct nuclear pore biogenesis.
MATERIALS AND METHODS

Production and Purification of Anti-Nup93 Antibodies
The cDNA sequence corresponding to the NUP93 gene was kindly provided by Dr. Nobuo Nomura (Kazusa DNA Research Institute, Kisarazu Chiba, Japan). This cDNA clone, which was already present in the GenBank sequence data library, has the accession number D42085. The sequence homology of this putative open reading frame (ORF) to yeast Nic96p was reported by Dr. Nomura. The first 654 nucleotides (corresponding to the protein sequence from Asp-2 to Lys-218) of the Nup93 cDNA cloned into pBluescript were amplified by polymerase chain reaction (PCR) using the specific primers XhoI AAAACTCGAGGGATACTGAGGGGTTTGG and MluIϩstop AAA-AACGCGTTCACTTATCATCCAGCTCTGCGACGG, which also introduced a XhoI site at the 5Ј end and a MluI site plus stop codon at the 3Ј end of the PCR clone. This PCR fragment was cut with XhoI and MluI restriction enzymes and inserted into a pET8c vector (Studier et al., 1990) , giving in-frame fusion with the DNA encoding the (His) 6 tag. This plasmid was transformed into Escherichia coli BL21 cells and ampicillin-resistant clones were grown in LB-Amp medium (containing 25 g/l ampicillin) at 37°C until OD 260 ϭ 0.5. The expression of the fusion protein (His) 6 -Nup93 was induced for 3 h at 23°C by addition of 1 mM isopropyl ␤-d-thiogalactoside. Bacterial cell lysis, solubilization of inclusion bodies with 8 M urea, and purification of the fusion protein on a Ni-agarose column was done as described previously (Grandi et al., 1995b) . Seven hundred OD 260 units of cells yielded approximately 2 mg of a 24-kDa (His) 6 -Nup93 fusion protein. To obtain polyclonal antibodies, rabbits were injected two times with 300 g of the fusion protein, followed by 200 g/injection, every 14 d. Bleeds were collected 1 wk after each injection, the clot was discarded, and the crude serum was incubated with the (His) 6 -Nup93 fusion protein immobilized on an Affi-Gel 15 (Bio-Rad, Richmond, CA) column. After extensive PBS washes, the specific anti-Nup93 antibodies were eluted with 0.2 M glycine hydrochloride, pH 2.8, and 0.5 M NaCl, dialyzed against PBS, and concentrated with Centricon 30 (Amicon, Beverly, MA) to 1 mg/ml total protein (Bio-Rad).
Immunoprecipitation
Rat liver nuclei were prepared according to Blobel and Potter (1966) . Rat liver nuclear envelopes (RLNEs) were obtained after salt extraction and DNase I digestion. From 300 g of rat liver, 300 mg of RLNEs were obtained. To optimize the solubilization of Nup93, 0.5 mg of nuclear envelopes (NEs) were resuspended in 250 l of 20 mM Tris(hydroxymethyl)aminomethane hydrochloride, pH 7.4, 150 mM KCl, 0.2 mM MgCl 2 , and 1 mM dithiothreitol (DTT) to which Triton X-100 (final concentrations, 0, 0.5, 1, and 2%) and NaCl (final concentrations, 0, 0.5, 1, and 2 M) were added. The samples were incubated for 45 min on ice and then separated into a soluble fraction and a pellet by ultracentrifugation at 140,000 ϫ g for 1 h (60,000 rpm, TL100 rotor).
To prepare HeLa and NRK whole cell extracts, 10 6 cells grown to 80 -90% confluence were scraped from culture plates and washed with PBS, and the cell pellet was frozen at Ϫ20°C. After thawing, the cells were lysed by vigorous resuspension in 1.5 ml of 2% Triton lysis buffer [20 mM Tris(hydroxymethyl)aminomethane hydrochloride, pH 7.4, 150 mM KCl, 0.2 mM MgCl 2 , 1 mM DTT, 2% Triton X-100], kept on ice for 15 min, and cleared by centrifugation at 12,000 rpm in an Eppendorf minifuge at 4°C for 30 min.
Xenopus low-speed egg extracts (Finlay and Forbes, 1990) were also solubilized in 2% Triton lysis buffer, kept on ice for 15 min, and cleared by centrifugation at 12,000 rpm in an Eppendorf minifuge at 4°C for 30 min.
For immunoprecipitation, the supernatants of RLNE, HeLa cells, NRK cells, and Xenopus egg extracts were each preincubated with 200 g of protein A-Sepharose CL4B (Pharmacia, Uppsala, Sweden) per 1 ml of extract for 45 min at 4°C to minimize nonspecific binding to the Sepharose resin. The cleared supernatant was then incubated for 2 h at 4°C with 5 g of affinity-purified anti-Nup93 antibodies or 25 l of rabbit anti-p62 antibodies (crude serum; Finlay et al., 1991) already bound to protein A-Sepharose. The immunopellet was then separated from the immune supernatant by a 2-min centrifugation at 3000 rpm in an Eppendorf minifuge and washed extensively with PBS.
For SDS-PAGE, 1% of the homogenate and immune supernatant and 5% of the immune pellet were loaded on the gels. After blotting, nitrocellulose membranes were incubated with 1:200 diluted antiNup93 affinity-purified antibodies and 1:1000 diluted anti-rat p62 rabbit immune serum (Finlay et al., 1991) for 2 h at room temperature. Goat anti-rabbit antibodies conjugated to horseradish peroxidase, 1:1500 diluted, were used as secondary reagents.
Determination of Protein Sequences with Mass Spectroscopy
The 205-kDa protein associated with Nup93 was separated by SDS-PAGE were in-gel digested with trypsin and purified as described (Shevchenko et al., 1996a; . Specifically, the recovered unseparated peptide mixture was electrosprayed with a nanoelectrospray ion source and sequenced by triple quadrupole mass spectrometry, as explained in (Mann and Wilm, 1995) . Three peptide sequences were obtained, as described in RESULTS, and these were compared with existing sequences in the GenBank sequence database using Blast analysis. When GenBank was searched for homology, the sequences LLPEQLIK, LTAPEDVFSK, and MLALALLDR were found to be present in a single human protein, the clone for which was present in the nr data base as KIAA0225 (accession number D86978; cloned and sequenced by Nobuo Nomura, Takahiro Nagase, and colleagues [Kazusa DNA Research Institute, Kisarazu Chiba, Japan]). When the fact that mass spectrometry cannot distinguish between the isobaric amino acids isoleucine and leucine is taken into account, the peptide sequences were completely identical to the ones in the database, proving the mass spectrometric sequencing to be highly accurate despite the low amounts of protein on the gel and the presence of an excess of antibody in the band. A C. elegans homologue, CEK12D12 (accession number Z49069), was picked up by comparing human KIAA0225 to all sequences in the nr database with a tblastn search. A S. cerevisiae homologue, ORF YJL039c (accession number Z49314), was picked up by searching the S. cerevisiae protein database with a blastp search. The three sequences KIAA0225, CEK 12D12, and ORF YJL039c were aligned and compared using a ClustalW multiple sequence alignment program and a Boxshade program. The gene encoding human p205 was further analyzed for known domains using the Prosearch program.
Indirect Immunofluorescence
For indirect immunofluorescence, HeLa or NRK cells grown on round coverslips to 50% confluence were washed carefully with PBS, incubated with 0.5% Triton X-100 or 0.3% digitonin in PBS for 3 min on ice, and then fixed with 3% paraformaldehyde for 10 min at room temperature. The excess of paraformaldehyde was quenched by incubation with 0.1 M glycine, and subsequently the cells were incubated in 10% goat serum/PBS for 30 min at room temperature. The anti-Nup93 affinity-purified antibody was then diluted 1:50 or the monoclonal antibody (mAb) 414 was diluted 1:1000 in 10% goat serum/PBS and incubated for 1 h. After three 10-min washes with PBS, the cells were incubated with the secondary antibodies (goat anti-rabbit-Texas red or goat anti-mouse-fluorescein isothiocyanate), 1:100 diluted in 10% goat serum/PBS, and incubated for 1 h at room temperature. DNA staining was done with Hoechst 33285. Cells were visualized with a Zeiss confocal microscope.
Immunoelectron Microscopy
For immunogold labeling, 8-nm-diameter colloidal gold particles were prepared and the affinity-purified anti-Nup93 antibody was conjugated to colloidal gold particles as described by Panté et al. (1994) . Localization of Nup93 was performed in isolated RLNE by preembedding labeling and in rat liver by postembedding labeling. For preembedding labeling, RLNEs (isolated as described by Gerace et al. [1984] ) at a concentration of 50 OD 260 units/ml were incubated with the gold-conjugated anti-Nup93 antibody at a final concentration of 5 g/ml for 1 h or 20 g/ml for 2 h at room temperature. As control, immunogold labeling was also performed with the mAbs QE5 (Panté et al., 1994) and RL31 (Guan et al., 1995) . Samples were centrifuged in an Eppendorf centrifuge at 5000 ϫ g, and the pellets were washed very gentle (without further centrifugation) for three 10-min periods with PBS containing 1% bovine serum albumin (BSA). Next, samples were fixed with 2% glutaraldehyde in PBS at 4°C for 30 min, washed three times with ice-cold PBS, and postfixed for 1 h with 1% OsO 4 in PBS at 4°C. Fixed samples were then dehydrated and embedded in Epon 812 resin as described by Jarnik and Aebi (1991) . Thin sections were cut on a microtome (Ultracut, Reichert-Jung Optische Werke, Vienna, Austria) using a diamond knife. The sections were collected on carbon/colloidon-coated electron microscope grids, stained with 6% uranyl acetate for 45 min, and poststained with 2% lead citrate for 1 min (Milloning, 1961) .
For postembedding labeling, small pieces of fresh rat liver were prefixed at 4°C for 1 h with 4% paraformaldehyde/0.1% glutaraldehyde in PBS containing 0.18 M sucrose, washed three times with ice-cold PBS, and postfixed for 1 h with 1% OsO 4 in PBS at 4°C. Fixed samples were then dehydrated and embedded in LR White resin (Polyscience, Northampton, United Kingdom). The resin was polymerized for 24 h at 60°C. Thin sections were obtained and collected on carbon/colloidon-coated electron microscope grids. For immunolabeling, the grids were incubated face down in a moist chamber on drops of 1) 2% BSA in PBS for two 5-min periods and 2) 1 g/ml gold-conjugated anti-Nup93 antibody for 2 h. The grids were then washed with a constant jet of PBS, fixed for 5 min with 1% glutaraldehyde in PBS, and jet washed in water. The sections were stained as indicated above. Electron micrographs were recorded with a Hitachi H-8000 transmission electron microscope (Hitachi, Tokyo, Japan) operated at an acceleration voltage of 75 kV.
Immunodepletion and Nuclear Import Assays
Methods are as described in (Powers et al., 1995) with the following differences. Xenopus egg cytosol was depleted of Xenopus Nup93 with 1.6 g of affinity-purified anti-Nup93 antibodies/l of cytosol. A control extract was treated the same way with nonspecific affinity-purified rabbit IgG (catalogue number 55480, Cappel, Durham, NC). First, 160 g of antibodies were bound to 25 l of protein A-Sepharose overnight. The bound antibody was washed with egg lysis buffer: 10 mM HEDES, pH 7.4, 50 mM KCl. 2.5 mM HgCl 2 , 250 mM sucrose, and 1 mM DTT (ELB), preequilibrated with 2 volumes of 20 mg/ml BSA in ELB for 1 h, and washed again with ELB. At this time, 100 l of freshly prepared undepleted egg cytosol was added to 12.5 l of antibody beads and incubated at 4°C tumbling for 1 h. The partially depleted extract was incubated with 12.5 l of the remaining antibody beads for an additional hour under the above conditions.
Immunodepletion by anti-Nup93 antiserum was of necessity performed on undiluted egg cytosol (40 mg/ml protein), since dilution of the cytosol interferes with subsequent nuclear reconstitution. Immunodepletion removed Nup93, as stated in the RESULTS (see Figure 7 , lane 8). The pellet of this immunodepletion could not be effectively analyzed by silver staining for coimmunoprecipitating proteins, because nonspecific silver-staining background from the high concentration of protein obscures any specific protein band. To determine specific partners that were being depleted with Nup93, a separate immunoprecipation was performed (see Figure 5B ), revealing the 205-kDa protein. If other nucleoporins are immunodepleted with Nup93, it was not evident under the conditions of this immunoprecipitation; probing such possibilities on the immunodepleted cytosol itself will have to await the development of antibodies against each nucleoporin, followed by immunoblots on Nup93-depleted concentrated cytosol.
Nuclear reconstitution of Nup93-depleted nuclei was carried out as follows: a 40-l nuclear assembly reaction typically contained 30 l of control, Nup93-depleted, or wheat germ agglutinin (WGA)-depleted cytosol, 3.5 l of washed membranes, an ATP regeneration system, demembranated sperm chromatin, and glycogen. Reconstitution and functional assays were done as described in Powers et al. (1995) .
Anti-Nup93 antibodies were added to the following nuclear reconstitution mixture: 10 l of low-speed Xenopus egg extract and 5 l of XB buffer [10 mM HEPES, pH 7.4, 250 mM sucrose, 50 mM K(CH 3 COOH) 2 , 2.5 mM Mg(CH 3 COOH) 2 , 1 mM DTT, 1ϫ protease inhibitors] plus ATP-regenerating system (1ϫ) and 10 4 demembranated Xenopus sperms. To measure DNA replication, 2.5 mCi of [␣-32 P]ATP was added, and the samples were incubated at 23°C for a maximum of 2 h. Proteinase K digestions were carried out by adding 1 mg of proteinase K and 1% SDS to each sample and incubating for 2 h at 37°C. The samples were then directly loaded in a 1.2% agarose gel and electrophoresed for 4 h at 100 V. After drying the gel was exposed overnight at Ϫ20°C on a Kodak X-Omat film. Nuclear size and NPC biogenesis were measured by immunofluorescence: nuclear reconstitution samples were incubated at 23°C for 1 h, fixed with 3% formaldehyde, and processed for immunofluorescence with mAb414 as described above. The DNA was stained by Hoechst.
Anchored Nuclei and Immunofluorescence Microscopy
Reconstitution of anchored nuclei and immunofluorescence on these nuclei were done as described in Macaulay and Forbes (1996) with the following exceptions. Nuclei were allowed to form at room temperature for 1.5 h. The egg cytosol and membrane mixture was removed. The anchored nuclei were washed five times with ELBK (Macaulay and Forbes, 1996) , fixed with 5% formaldehyde in ELBK for 20 min at room temperature, and rinsed with PBS before performing indirect immunofluorescence with mAb414 (1:1000 dilution; BabCo, Richmond, CA).
DNA Replication Assay
The method for performing DNA replication was as described in Powers et al. (1995) . Demembranated sperm chromatin was used in the assay. Two microcuries of [␣- 32 P]dCTP were added to a 40-l reaction. After the samples were run on a 0.8% agarose gel, the gel was dried and exposed to film or to a phosphor screen to quantitate the DNA replication level. Quantitation was done with a Phosphorimager model 445SI (Molecular Dynamics, Sunnyvale, CA) using ImageQuaNT software.
Expression of Human Nup93 in Yeast
To express the human Nup93 cDNA in yeast, the complete ORF (2681 bp) was fused in-frame to the 3Ј end of the triple myc tag sequence (triple myc-Nup93) or to the 3Ј end of two IgG-binding sequences of protein A (ProtA-Nup93) (Grandi et al., 1993) . These fusion genes were put under the control of the yeast NOP1 promoter, inserted into the 2 plasmid pRS425, and transformed into yeast cells. The fusion proteins (Triple myc-Nup93 and ProtANup93) were correctly expressed as seen by probing with anti-myc and anti-protein A antibodies on a Western blot of whole yeast cell extracts. To test for complementation, both Nup93 constructs were transformed into the following nic96 mutant strains: nic96 null, nic96 -1, and nic96 -2 (Zabel et al., 1996) . As a control, the fusion gene ProtA-NIC96 also driven by the NOP1 promoter was used (Grandi et al., 1995b) .
RESULTS
Identification of Human and Xenopus Homologues of Yeast Nucleoporin Nic96p
To identify potential vertebrate homologues of essential partners of the yeast Nsp1p complex, a search of vertebrate protein sequence data libraries was done. The search revealed two putative higher eukaryotic homologues of the yeast nucleoporin Nic96p; i.e., two cDNA clones whose deduced amino acid sequences showed significant homology to Nic96p (Figure 1 ). One cDNA clone is derived from the mRNA of a human immature myeloid cell line and the other is derived from Xenopus laevis mRNA. The putative human Nic96 homologue has 819 amino acids and a calculated molecular weight of 93.4 kDa; the corresponding Xenopus Nic96 homologue has 820 amino acids and a molecular weight of 93.3 kDa. These novel proteins were named Nup93 and are 84% identical. Human Nup93 is 27% identical and 50% similar to yeast Nic96p over nearly its entire sequence (Figure 1 ). The highest conservation between vertebrates and yeast is found in the central and carboxyl terminal domains of these three proteins (Figure 1) . A short sequence (amino acids 328 -341), which in Nic96p is essential for cell growth and in which single point mutations yield a thermosensitive phenotype (Grandi et al., 1995b; Zabel et al., 1996) , is highly conserved in human and Xenopus Nup93 (Figure 1 ). During the course of this work, a zebrafish homologue called dead eye, which was found to be essential for embryonic development, was also described (Allende et al., 1996) .
To determine whether human Nup93 is indeed a nucleoporin, polyclonal antibodies were raised in rabbits to the first 200 amino-terminal amino acids of Nup93 (see MATERIAL AND METHODS). AntiNup93 antibodies were affinity-purified and tested by SDS-PAGE, followed by Western blotting of whole cell lysates derived from HeLa cells, rat liver nuclei, and Xenopus egg extracts (Figure 2A) . In all cases, a single band of Ϸ90 kDa was stained by the affinitypurified antibodies (Figure 2A) . When an immunoblot of isolated NEs was probed with anti-Nup93 affinitypurified antibodies, the Nup93 band was strongly enriched in the NE fraction ( Figure 2B , lanes NE), a fraction in which nucleoporin p62 was also enriched. The nucleolar marker protein fibrillarin, however, was significantly extracted from the NEs by salt treatment ( Figure 2B , lane NaCl). Thus, Nup93 coenriches with NEs during biochemical fractionation of rat liver nuclei.
Human Nup93 Is Localized at the Nuclear Pores as Revealed by Its Punctate NE Staining in Indirect Immunofluorescence
To localize Nup93 in cells, affinity-purified anti-Nup93 antibodies were used in indirect immunofluorescence to label HeLa ( Figure 3 ) and NRK (our unpublished results) tissue culture cells. As seen in the confocal microscope, anti-Nup93 antibodies predominantly stained the nuclear periphery in a punctate pattern, although internal nuclear staining was also observed. The NE labeling largely overlapped with the staining produced by mAb414 that recognizes nuclear pores (Wente et al., 1992;  Figure 3 ). Thus, human Nup93 not only is homologous to the yeast nucleoporin Nic96p but also is localized in NPCs.
To obtain information as to which side of the nuclear membrane Nup93 is localized, indirect immunofluorescence was performed after permeabilization of HeLa cells with digitonin, which permeabilizes the plasma membrane but leaves the nuclear membrane intact. Under these conditions, little of the punctuate nuclear rim staining normally seen with anti-Nup93 antibodies on Triton X-100-permeabilized cells was observed on the digitonin-permeabilized cells (our unpublished results). In contrast, mAb414, which recognizes nucleoporins on both the cytoplasmic and nuclear sides of the NPCs, still stained the nuclear periphery in a punctate manner in digitonin-permeabilized cells (our unpublished results). This suggested that Nup93 might not be present or not be accessible to the antibodies on the cytoplasmic side of the NPC. 
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Given that immunofluorescence showed vertebrate Nup93 to be a nucleoporin and to have extended similarity to its yeast counterpart, Nic96p (23% identity, 50% similarity), we asked whether hNup93 could complement yeast Nic96 mutants. We found, however, that hNup93, even when overexpressed from a high-copy-number plasmid (see MATERIAL AND METHODS), failed to complement either a nic96::HIS3 null mutant or two temperature-sensitive Nic96 mutants (Grandi et al., 1993 (Grandi et al., , 1995b ; our unpublished results). Human Nup93 also failed to target to the yeast pore, as determined by transformation of a Myctagged Nup93 protein and immunofluorescence using anti-Myc antibodies (our unpublished results). Presumably, enough divergence has occurred between yeast and humans to alter certain amino acids crucial both to Nic96/Nup93 function and to pore localization, such that complementation and localization of the human nucleoporin to the pore in yeast does not occur. We also observed that an antibody directed to the first 10 amino acids of yeast Nic96 did not crossreact with human Nup93. Similarly, the antiserum to the first 200 amino acids of human Nup93 used throughout this manuscript did not cross-react with yeast Nic96 (our unpublished results). The lower identity of the two proteins in the amino-terminal region was presumed to explain this lack of antibody crossreactivity.
Nup93 Shows a Preferential Location on the Nuclear
Basket and at or near the Nuclear Entry to the Central Channel of the NPC To localize Nup93 more precisely, preembedding immunogold electron microscopy was performed on isolated RLNEs with gold-conjugated anti-Nup93 antibody. As shown in Figure 4A , anti-Nup93 antibody labeled the nuclear side of RLNEs exclusively. The labeling was concentrated at the nuclear periphery of the NPCs at vertical distances within 35 and 55 nm from the central plane of the NPC ( Figure 4A , top and middle). This position corresponds to the nuclear baskets, the distal filamentous structures associated with the nuclear side of the pore known (Ris, 1989a,b; Jarnik and Aebi, 1991; Goldberg and Allen, 1992) . These structures are also labeled by an anti-nucleoporin mAb, QE5 (Panté et al., 1994 ; see also Figure 4A , middle, rightmost example). Labeling at this concentration of antibody was also seen, albeit less frequently, in more central NPC regions ( Figure 4A , bottom), similar to the nuclear labeling yield by the mAb RL31 (anti-p62; Guan et al., 1995 ; see also Figure 4A , bottom, rightmost example). Figure 1 (facing page) . Human and Xenopus Nup93 exhibit significant sequence homology to yeast Nic96p. The deduced amino acid sequence of human and Xenopus Nup93 and yeast Nic96p were aligned using the programs pileup/prettybox. Amino acids common to two or three of the the genes are shaded in black; structurally related amino acids are shaded in gray. A highly conserved short peptide sequence within yeast Nic96p that is essential for cell growth is also indicated. The accession number of the human Nup93 gene is D42085 and of the Xenopus gene is U63919.
Nup93 Is Required for Nuclear Pore Assembly Vol. 8, October 1997 Quantitative analysis of the distribution of gold particles revealed that 89% of the gold particles were clustered within 35 and 55 nm of the central plane ( Figure 4B ). The second more-sparse labeling observed at lower vertical distances might be an indication that there is Nup93 epitope at this position but that it is less accessible to the antibody than Nup93 located at the nuclear baskets. Consistent with this explanation, when preembedding labeling was performed with 20 g/ml (instead of 5 g/ml) antiNup93 antibody, the extent of labeling at lower vertical distances closer to the central gate of the pore increased to 34% ( Figure 4C) . Similarly, when postembedding labeling of rat liver was performed 45% of the gold particles were found within 10 -20 nm from the central plane of the NPC (Figure 4D ), although by this method the antibody gave an unspecific labeling at the cytoplasm. Thus, our immunogold electron microscopy studies indicate that Nup93 is located both on the nuclear basket and at or near the nuclear entry to the central channel of the pore.
Human Nup93 and Xenopus Nup93 Are Physically Associated with an Evolutionarily Conserved 205-kDa Protein
To gain insight into the structural and functional neighbors of Nup93 within the pore, we sought to determine by immunoprecipitation whether Nup93 is physically associated with any known or novel nuclear pore protein(s). RLNEs were extracted with buffers containing different salt and detergent concentrations to determine the optimal conditions to solubilize the pores. As shown in a pilot experiment, the nonionic detergent Triton X-100 at a concentration of 2% was necessary to solubilize the majority of Nup93 from the NEs ( Figure 5A , lanes ϩ2% Triton). RLNEs, as well as NRK cell and Xenopus egg extracts, were then treated with 2% Triton X-100 and 150 mM KCl before addition of anti-Nup93 antibodies for immunoprecipitation (see MATERIALS AND METHODS). A silver stain of the immunoprecipitates derived from RLNEs, NRK cells, and Xenopus egg extracts after SDS-PAGE is shown in Figure 5B . In all three cases, a single prominent band of ϳ205 kDa was observed to coimmunoprecipitate with Nup93 ( Figure 5B) . A very slightly faster migrating band, ϳ180 kDa rather than 205 kDa, was observed upon immunoprecipitation of HeLa extracts (our unpublished results); this size difference may derive from a slight proteolysis seen with the HeLa extract (see below). Control immunoprecipitation performed with nonrelated rabbit IgGs on the rat liver, NRK, and Xenopus extracts and competition studies using the Nup93 amino-terminal fusion protein indicated that the immunoprecipitation of Nup93 and its coprecipitating p205 component was specific (our unpublished results). p205 is not recognized by the anti-Nup93 antibodies on Western blots (our unpublished results). We conclude not only that is Nup93 highly conserved between mammals and Xenopus at the sequence level (see Figure 1 ) but also that a physical interaction of Nup93 with a 205-kDa protein is also highly conserved between these species.
To determine the identity of this large protein, the protein was coimmunoprecipitated with Nup93 from HeLa cells, electrophoresed by SDS-PAGE, and cut out of the silver-stained gel. It was then digested in the gel with trypsin and analyzed for peptide sequence by mass spectroscopy . A comparison of native and derivatized peptides in tandem mass spectrometry allowed three peptide sequences to be determined unambiguously: LLPEQLLK, LTAPEDVFSK, and MLALALLDR. At the time of the sequence analysis these peptides showed no significant homology to any protein sequence in the database. When GenBank was searched for homology, at a later date, the sequences LLPEQLIK, LTAPEDVFSK, and MLALALLDR were found to be present in a single human protein, the clone for which was present in the database as KIAA0225 (accession number D86978). When the fact that mass spectrometry cannot distinguish between the isobaric amino acids isoleucine and leucine is taken into account, the peptide sequences were completely identical to the ones in the database. The human KIAA0225 gene encodes a protein of 2012 amino acids with a predicted molecular weight of 228 kDa. This relates well to the apparent molecular weight of the p205 band observed from rat and Xenopus extracts in SDS-polyacrylamide gels and led to our conclusion of slightly increased proteolysis in the HeLa extract. One caveat noted by the sequence group that obtained the KIAA0225 sequence is that the actual amino terminus may not be included in the sequence.
However, the predicted size of 228 kDa is greater than the observed size of 205 kDa and both the yeast and C. elegans homologues (see below) have amino termini ending within 15-20 amino acids of the presumed human KIAA0225 amino terminus. The gene encoding human p205 is entirely unique in sequence. When searched with a Prosearch program, p205 has numerous potential protein kinase C and CK2 phosphorylation sites. Interestingly, p205 also contains a leucine zipper at amino acids 810 -832, which may form a Figure 5D ), although the larger human protein appears to have a 230-amino acid additional sequence at its carboxylterminal end.
Evidence for Interaction of Nup93 with p62
Because the p62 complex found in rat and Xenopus shares some common characteristics with the yeast Nsp1p complex, we asked whether vertebrate Nup93 could also be found in physical interaction with p62. Although coisolation of a 90-kDa protein with the p62 complex had not previously been reported, we looked for a substoichiometric association of Nup93 with p62. Immunoprecipitation with anti-Nup93 antibodies was performed on HeLa cell extracts and the corresponding Western blot was probed with anti-p62 and antiNup93 antibodies, respectively. A significant although small portion of p62 was always found in the immune pellet of Nup93, which was efficiently immunoprecipitated under these conditions ( Figure 6A , lane P). The presence of either p58 or p54, members of the p62 complex, in the immune pellet was difficult to assess because they migrate very close to the heavy chain of the immunoglobulins (our unpublished results). Significantly, lamins were never found in the Nup93 immunoprecipitate ( Figure 6A ), arguing against a nonspecific association of p62 with Nup93. Similarly, we were unable to detect the Nup214/CAN nucleoporin, which forms a separate complex with p62 in Xenopus egg extracts , in the Nup93 immunoprecipitate by immunoblotting the same fractions with mAb414 and QE5 mAbs that recognize Nup214/CAN (Panté et al., 1994 ; our unpub- (C, top) Mass spectrum of the peptide mixture extracted after in-gel tryptic digest of the band with apparent mass 205 kDa. Peaks that are different from known trypsin autolysis products (marked by an asterisk) were fragmented in turn. Peaks designated by A originate from immunoglobulins, as was shown by sequencing and database searching using peptide sequence tags (Mann and Wilm, 1994) . (C, middle and bottom) Sequencing of one of the peptide ions of the 205-kDa protein. The doubly charged ion with m/z 553.8 was isolated and fragmented in the mass spectrometer and tandem mass spectra acquired. Collision fragmentation of tryptic peptides resulted in continuous series of fragments containing the carboxyl terminus of the peptide (YЈЈ ions). The methylated form of the same peptide (produced by esterification of the whole peptide mixture) was also fragmented (C, bottom). Esterification with methanol identified the carboxyl-terminal ions by their characteristic 14-Da mass shift for every fragment containing the carboxyl terminus and an additional 14-Da shift for each internal Asp and Glu residue present in the fragment. The number of incorporated methyl groups is designated by F (C, bottom). The actual sequence (LTAPEDVFSK) is retrieved by software-assisted comparison of the two sets of sequence data (derivatized and underivatized) by matching precise mass differences between adjacent peaks in the series of YЈЈ ions. Two more peptides, Ta (LLPEQLLK) and Tb (MLALALLDR), were sequenced in the same way. Note that L stands both for leucine and isoleucine because mass spectrometry cannot distinguish between these two isobaric amino acids. Only partial sequence information was obtained for the peptide Td but the spectrum was unambiguously matched to the sequence DLPSADSVQYR in the sequence of the 205-kDa protein using a peptide sequence tag, assembled from the tandem mass spectrometric data. (D) Sequence alignment of evolutionarily conserved 205-kDa proteins: the aligned p205 sequences from human KIAA0225 (hum), C. elegans CEK12D12 (Cel), and S. cerevisiae ORF YJL039c (Sc) are shown to document that the proteins align along their complete length. Amino acids common to two or three of the the genes are shaded in black and structurally related amino acids are shaded in gray.
lished results). Lastly, in a complementary experiment, where anti-p62 antibodies were used for immunoprecipitation, 5-10% of the total Nup93 could be coprecipitated with p62 ( Figure 6B , lane P). We conclude that Nup93 binds to a minor fraction of p62 or, alternately, Nup93 binds to a greater fraction of p62 weakly but dissociates during the immunoprecipitation of Nup93, which is done in the presence of 2% Triton X-100. In either case, the interaction of Nup93 and p62 within the pore appears specific.
Vertebrate Nup93 Is Required for Correct Nuclear Pore Biogenesis
To study the function of the evolutionarily conserved Nup93 protein in more detail, we took advantage of a Xenopus nuclear reconstitution system to form nuclei lacking the Xenopus Nup93 complex. For this, the soluble cytosol of a Xenopus egg extract was immunodepleted of Ն99% of the Nup93 with anti-Nup93 antibodies coupled to protein A-Sepharose (Figure 7 , lane 8). This immunodepleted cytosol was then mixed with sperm chromatin and membrane vesicles to assemble nuclei (Powers et al., 1995) . An almost quantitative removal of Nup93 from the membrane vesicles was achieved by washing with 0.25 M KCl before use (Figure 7, lane 9) . The final Nup93-complex-depleted reaction contained approximately 0.2% of the normal amount of Nup93 in a control reaction. Nuclei were allowed to form for 2 h at room temperature, and then the size of the nuclei formed and the extent of nuclear import of a fluorescent transport substrate were measured. These measurements were also performed in parallel on nuclei assembled with mock-depleted and with WGA-depleted extracts. WGA binds to several nucleoporins in Xenopus extracts including p62, Nup98, and Nup214/CAN and depletes them from the extracts (Finlay et al., 1987; Powers et al., 1995) . Interestingly, we found that a fraction of the Nup93 found in egg extracts also binds to WGA-Sepharose, although it does not itself appear to be a glycosylated protein on WGA-horseradish peroxidase blots. Nup93 depletion, however, did not significantly deplete p62, Nup98, or Nup214/CAN, and Nup93 does not immunoprecipitate with those proteins under even mild conditions (our unpublished results).
When nuclei were reconstituted in the Nup93-complex-depleted extract, the average cross-sectional area of the nuclei (D 93 ) was found to be fourfold smaller when compared with mock-depleted control nuclei (D c ; Figure 8A ). To test for nuclear function, we measured DNA replication in the Nup93-complex-depleted nuclei by assessing the extent of incorporation of [ 32 P]ATP into newly synthesized genomic DNA. In the depleted nuclei, Nup93 depletion caused a 1-h delay in DNA replication, measured by agarose-gel electrophoresis followed by quantitation of the labeled genomic DNA, as compared with mock-depleted nuclei ( Figure 9 ). We found that nuclei lacking the Nup93 complex, although smaller in size, when tested for nuclear import, could import a nuclear transport substrate containing the simian virus 40 large tumor antigen NLS fairly normally ( Figure 8B ). Import of this substrate was unaffected in the Nup93-complex-depleted nuclei.
Because thermosensitive mutations in the central domain of Nic96p in yeast have been shown to inhibit nuclear pore biogenesis at the restrictive temperature (Zabel et al., 1996) , we were most interested to ask whether the presence and distribution of nuclear pores was altered in Nup93-complex-depleted nuclei. For this, anchored nuclei were reconstituted on a glass surface (Macaulay and Forbes, 1996) using Nup93-complex-depleted and control-depleted Xenopus egg cytosol and membrane fractions. Specifically, sperm chromatin was decondensed and attached to a polylysine-coated coverslip, and then egg cytosol and membranes were added. Under control cytosol conditions, a double nuclear membrane replete with numerous nuclear pores is formed (Macaulay and Forbes, 1996) .
Once the anchored nuclei were formed, immunofluorescence was performed with the anti-nucleoporin mAb mAb414. mAb414 recognizes four nucleoporins, p62, p214/CAN, Nup153, and RanBP2, and normally gives a bright nuclear rim stain. The intensity of the immunofluorescent signal of the nuclear rim obtained by labeling the nuclear pores was compared for Nup93-complex-depleted and mock-depleted nuclei. The nuclear rims of control and mock-depleted nuclei were extremely bright, so bright that the punctate nature was obscured. We have seen this pattern in the past and have confirmed it to be due to a high number of assembled nuclear pores present. In Nup93-complex-depleted nuclei, however, the signal was greatly reduced and the pattern was visibly punctate ( Figure  10 ). The immunofluorescent nuclear stains typical of control (D c ) nuclei and of Nup93-complex-depleted nuclei (D 93 ) nucleus are shown at equal intensification (32-fold) in Figure 10 , a and b. A direct comparison shows the large decrease in mAb414 staining caused by Nup93-complex depletion. When the mAb414 staining of a Nup93-complex-depleted nucleus was intensified 128-fold, focusing on the nuclear rim (Figure 10C ) and on the nuclear surface ( Figure 10D ), individual punctate foci, of the same apparent size as individual pores (or small clusters of pores) as normally observed in tissue culture cells, were seen. A large reduction in apparent pore number is thus seen in the Nup93-complex-depleted nuclei; individual pores are now visible. As stated above, normally the large number of pores per area makes individual pores difficult to visualize in control D c -reconstituted nuclei ( Figure 10A ). The apparent reduced number of NPCs in Nup93-complex-depleted nuclei, however, seem to be uniformly distributed at the level of the immunofluorescence resolution ( Figure 10D ). We also tested the D 93 nuclei with a second antiserum to confirm the staining observed: an identical staining pattern as in Figure 10D was observed when antiNup214/CAN antiserum, instead of mAb414, was used to analyze the Nup93-complex-depleted nuclei (our unpublished results). Thus, we conclude that the Reconstituted nuclei were allowed to form at room temperature for 2 h, and then the karyophilic transport substrate (ss-HSA) was added. At this time, which we called t ϭ 0, nuclei were quantitated for import level and measured for size. Depleted WGA binding protein nuclei (D w ) were done as a negative control for comparison. In A, the cross-sectional area of depleted Nup93 nuclei (D 93 ) is reduced by a factor of 4 compare to mock-depleted nuclei (D c ) over a time period of 4 h. (B) Nuclear import. Nuclear import of the transport substrate appears normal in nuclei lacking Nup93. Transport level was normalized to 16ϫ integration for all time points.
Nup93 complex, which includes Nup93 and the Nup93-interacting protein p205, is required for the complete biogenesis of a normal nuclear pores.
The role of the Nup93 complex was also tested in a different way. As it was done to study of the role of nuclear lamins in DNA replication, anti-Nup93 antibodies were added to a normal nuclear reconstitution extract at t ϭ 0. Nuclear growth in the presence of antibody was greatly reduced, DNA replication was inhibited, and there was a strongly reduced mAb414 staining of the nuclei (Figure 11) . Thus, the addition of the antibody had a similar effect to the removal of the Nup93 complex from nuclei, reinforcing the conclusion that the Nup93 complex is required for correct nuclear pore biogenesis.
DISCUSSION
Despite the fact that the three-dimensional architecture of the basic framework of the NPC has been solved at 10-nm resolution, we are still far from knowing the identity of many of the nucleoporins, their arrangement within the pore, or indeed, the roles of most nucleoporins in nuclear transport. By maximally exploiting the benefits of several organisms, we predict that it should be possible to overcome the respective restrictions of each and gain insight into these unknown areas. In this article, we have identified and characterized a novel vertebrate nucleoporin, Nup93, finding human and X. laevis Nup93 genes. These counterparts appear to be well conserved sequence homologues of the essential yeast nucleoporin Nic96p. Immunofluorescence and immunoelectron microscopy place Nup93 on the nuclear pore basket and at or near the nuclear entry of the central gated channel of the pore. When RLNEs are treated with Triton X-100, Nup93 is extracted from the nuclear pore in a complex with a novel protein that has an apparent molecular weight of 200 kDa. Its identification in a complex with Nup93 protein that has been extracted directly from nuclear pores likely identifies the 205-kDa protein as a nucleoporin, in much the same manner as Nup58, Nup54, and Nup45 were identified as nucleoporins by virtue of being extracted from nuclear pores in a complex with the known nucleoporin p62. However, definite designation of the 205-kDa protein as a nucleoporin will require the production of an antibody and immunofluorescence microscopy. By peptide sequence analysis, we find that the 205-kDa protein is encoded by the human gene KIAA0225 (actual molecular weight, 228 kDa). We have identified counterparts of this new putative nucleoporin gene in C. elegans and S. cerevisiae. To probe the role of the Nup93 complex in vertebrate nuclear pores, nuclei were reconstituted with pores that lack the Nup93 complex. Absence of the Nup93 complex results in nuclei that are functional for transport, but small in size and greatly reduced in the number of complete nuclear pores. These results indicate that the vertebrate Nup93 complex is required for complete nuclear pore biogenesis.
The landscape of the vertebrate pore, which is expected to contain 50 -100 proteins, is at present sparsely populated. Interestingly, the peripheral structures of the pore, the cytoplasmic filaments and the nuclear basket, contain the majority of identified pore proteins, although these structures make up only a fraction of the mass of the pore. Four proteins are known constituents of the cytoplasmic filaments, Nup214/CAN, Nup88, and RanBP2/Nup358, and a fourth protein that associates reversibly with the cytoplasmic filaments of the pore, Crm1 (Kraemer et al., 1994; Wu et al., 1995; Yokoyama et al., 1995; Fornerod et al., 1997; Mahajan et al., 1997; Zimowska et al., 1997) . The supposition is that these proteins are involved in the early steps of nuclear import. Two proteins have been localized to the nuclear side of the pore on or near the nuclear basket, Nup153 and Nup98. These also extend intranuclearly (Cordes et al., 1993; Sukegawa and Blobel, 1993; Powers et al., 1995; Radu et al., 1995) . A third protein, Tpr, is on intranuclear fibers distinct from the pore basket but attached to it (Byrd et al., 1994; Cordes et al., 1997; Zimowska et al., 1997) . Of these, Nup214/CAN, RanBP2/Nup358, Nup153, and Tpr have no known yeast homologues, despite the fact that the entire yeast genome is known. Interestingly, the genes encoding Nup214/CAN, Nup98, and Tpr have been found to be altered in chromosomal translocations causing human leukemias (Byrd et al., 1994; Kraemer et al., 1994; Nakamura et al., 1996) . Thus, far from being anonymous members of a large but polyglot cellular structure, each pore protein becomes of interest as a potential altered member of a essential signal cascade that must function normally for correct cell regulation.
Less populated with identified proteins is the bulk of the nuclear pore. This portion consists of the large eight-spoke complex, which in turn is bracketed by the nuclear and cytoplasmic rings and contains at its hub the central transporter. Two integral membrane proteins, POM121 and gp210, have been identified in this area and are presumably key to the initial assembly of the pore and to anchoring the completed pore within the membranes (Greber et al., 1990; Wozniak et al., 1992; Hallberg et al., 1993) . Two other vertebrate pore proteins, Nup107 and Nup155, may be localized at this site. The localization of Nup155 has been described as on both the cytoplasmic and nuclear faces of the pore (Radu et al., 1993) ; Nup107 has been mapped in a general manner to the pore . These proteins are unique in sequence and stand out from the majority of the vertebrate proteins above in that they have identifiable yeast homologues. Only Nup155 complements its yeast homologue (Aitchison et al., 1995; Kenna et al., 1996) . The roles of these two proteins in vertebrates and the identity of their vertebrate neighbors are unknown.
The only other known vertebrate pore proteins, and the most important proteins of these central structures are p62 and its set of complexed proteins p58/p54/ p45 (Finlay et al., 1991; Guan et al., 1995; Hu et al., 1996; Schlaich et al., 1996) . The p62 complex maps the most centrally in the vertebrate pore to date, and vertebrate p62 shows significant homology to yeast Nsp1p. The p62/Nsp1p proteins are particularly interesting in both yeast and vertebrate because their absence results in greatly diminished nuclear import. Identification of the partners of this pair of nucleoporins, p58, p54, and p45 in vertebrates (Finlay et al., 1991; Guan et al., 1995; Hu et al., 1996) and Nup57p, Nup49p, and Nic96p in yeast (Grandi et al., 1993 (Grandi et al., , 1995b , by coimmunoprecipitation and subsequent cloning has revealed some homologies between p54/Nup57p and p58/Nup49p (Doye and Hurt, 1997) . We therefore looked for the existence of a vertebrate Nic96p equivalent. We reasoned that the pore may break apart slightly differently in the two different species and a vertebrate Nic96 equivalent may well exist but become separated from its nearest neighbors, the p62-p58 -p54 (p45) complex, in the extraction process. Upon investigation, Nup93, a homologue of yeast Nic96, was indeed discovered to be a component of the vertebrate pore.
Nup93 resembles its yeast counterpart in that it consists entirely of a unique sequence, lacks repeat domains, and is predicted to fold into a coiled-coil domain at the amino terminus. Further examination reveals that Nup93 is extracted from the pores of vertebrates in a complex with a hitherto unknown protein with an apparent molecular weight of 205 kDa. This Nup93-p205 complex is a fairly stable one. Moreover, it appears to represent a subcomplex from Figure 11 . Antibodies against Nup98 reveal decreased staining of NPCs with mAb414 and inhibit nuclear growth and DNA replication. (A) mAb414 staining and nuclear growth: addition of 3 l (4.5 g) of anti-Nup93 antibodies to a Xenopus nuclear reconstitution extract causes a strong decrease in the immunofluorescence staining of nuclear pore proteins recognized by mAb414 and a reduced sperm nuclei size as seen by Hoechst staining. Control experiments were performed by adding 3 l (4.5 g) of unspecific rabbit IgG (unspecific antibodies). Two sperms of each sample are shown. Note that the pictures of the samples incubated with anti-Nup93 antibodies were exposed twice as long as the samples treated with unspecific antibodies. (B) DNA replication: the addition of 1 l (1.5 g) and 3 l (4.5 g) of anti-Nup93 antibodies (lanes 2 and 3, respectively) but not 3 l of buffer (lanes 1) or 3 l (4.5 g) of unspecific rabbit IgGs (lanes 4) to the nuclear reconstitution extract causes a strong inhibition of newly synthesized ( 32 P-labeled) high molecular weight DNA normally produced upon DNA replication. Equal volumes were taken at time points 0 (t ϭ 0 h), after 1 h (t ϭ 1 h), and after 2 h (t ϭ 2 h) of incubation, digested with proteinase K, and loaded onto a agarose gel.
Nup93 Is Required for Nuclear Pore Assembly Vol. 8, October 1997which pores are assembled at mitosis, because the Nup93-p205 complex is found to be present in a mitotically disassembled state in Xenopus egg cytosol. The stoichiometry of the Nup93-p205 complex as assessed by silver staining appears not to be 1:1, although this may not be the case because silver staining is often not proportional to protein concentration. For example, the silver staining of individual proteins of the p62-p58 -p54 -p45 complex fails to accurately reflect their stoichiometry (Miller and Forbes, unpublished results) . There is also a formal possibility that other proteins exist in the p93-p205 complex that are not stained with silver; this will be a question addressed in future experiments to identify potential new nucleoporins and nearest neighbors.
As would be predicted from the yeast Nic96p-Nsp1p-Nup57p-Nup49p complex, a small fraction of Nup93 was also extractable from HeLa cells in association with nucleoporin p62. Because of the low amounts of protein, we do not know whether the Nup93-p62 complex also contains p205 or other nucleoporins but believe that this alternate complex most likely arises from the nuclear pore fracturing along a slightly different plane during the extraction procedure. Another explanation as to why this Nup93-p62 complex is not as abundant as the yeast Nsp1p-Nic96p complex is that harsher conditions are required to extract vertebrate pore proteins from the dense vertebrate nuclear lamina; less harsh conditions are required for extraction of yeast NEs, potentially leaving larger complexes intact.
When the different complexes extracted from yeast and vertebrate pores are considered, it is interesting to note that the amino-terminal domain of yeast Nic96p is predicted to fold into a coiled-coil structure, whereas the coiled-coil prediction is less strong for the corresponding amino-terminal domain of Nup93 (our unpublished results). The coiled-coil domain of yeast Nic96p was shown to be required for the direct binding to the Nsp1p-Nup57p-Nup49p complex (Grandi et al., 1995b) . Thus, vertebrate Nup93 may associate with the p62-p58 -p54 -p45 complex less strongly than its yeast counterpart.
Several of the various yeast nucleoporin mutants isolated to date show perturbation of the distribution of NPCs or NE morphology (for example, see Wente and Blobel, 1993; Gorsch et al., 1995; Heath et al., 1995; Li et al., 1995; Schlaich and Hurt, 1995 ; for reviews see Davis, 1995; Doye and Hurt, 1995) . Reconstitution of vertebrate nuclei without the p62-p58 -p54 complex shows about normal numbers of nuclear pores. Certain thermosensitive mutants of Nic96 in yeast, however, do inhibit pore biogenesis at the restrictive temperature (Zabel et al., 1996) . Nup93 and Nic96p exhibit the highest homology in their central and carboxylterminal domains (31-32% identity; Figure 1 ) and mutations in the central domain of yeast Nic96p inhibit NPC biogenesis. In yeast, both the central and the carboxyl-terminal domains of Nic96p have been functionally linked to two nucleoporins, Nup188p and the transmembrane protein Pom152p, suggested to be part of the yeast NPC core structure (Nehrbass et al., 1996; Zabel et al., 1996) ; thus the role of Nup93 in pore biogenesis was of particular interest.
When this was assessed, we found that reconstituted Xenopus nuclei depleted of the Nup93 complex were altered primarily in that they showed a dramatic decrease in the assembly of complete nuclear pores. The immunofluorescent stain predictive of complete nuclear pores decreased greatly on the NEs, indicating that the Xenopus Nup93 complex is required for the correct biogenesis of NPCs. This decrease in complete pore assembly was observed with a mAb that recognizes proteins centrally located in the nuclear pore and on both sides of the pore (p62, Nup153, Nup214/ CAN, and RanBP2). The decrease was also seen with a polyclonal antibody that recognizes only Nup214/ CAN. Two possibilities for the decrease in apparent pore number in Nup93-complex-depleted nuclei exist. The first possibility is that there are indeed fewer total pores. An alternative possibility is that there may be a normal number of pores but that Nup93 is used either for the assembly of p62 and the peripheral pore proteins onto these pores or for the stability and maintenance of these proteins, once assembled, on the pore. In the future, it will be of interest to determine which of these possibilities exists with an extensive electron microscopic analysis, which is beyond the scope of the present study. In either case, however, the conclusion remains that the Nup93 complex is important to the complete biogenesis of nuclear pores in vertebrates.
Why is the pore number not zero in Nup93-complex-depleted nuclei? This may be due to a redundancy of function with another, as yet unknown, protein of the vertebrate pore. In yeast, examples of redundancy have been observed, albeit in a different context; the RNA binding domains of all three of a set of interrelated proteins, Nup100p, Nup116p, and Nup145p, have to be removed before an effect on viability is observed (Fabre et al., 1994) . However, if Nup93 is required for stabilizing the pore once it is assembled, an alternate hypothesis to redundancy is that a fraction of pores may manage to remain stable in the absence of the Nup93 complex. A different twist on this stability model would be that pores are continually forming at a normal rate in the Nup93-complex-depleted extract but that there half-life is much shorter and the pore number observed at any one time with immunofluorescence is reduced.
Nup93-complex-depleted nuclei do still contain a fraction of nuclear pores, and moreover, these pores are also functionally active: nuclear import appears fairly normal in Nup98-depleted nuclei, at least for a classical NLS-containing karyophilic substrate. In other experiments, the import of transport substrate into the nuclei of digitonin-permeabilized cells was not inhibited by the addition of anti-Nup93 antiserum (Grandi and Weis, unpublished observations) . This would be predicted because the anti-Nup93 antiserum presumably does not reach the nuclear side of the pore where the Nup93 epitope resides, as we have found herein. Additionally, the export of different classes of microinjected labeled RNAs in Xenopus oocytes was unaffected by nuclear injection of anti-Nup93 antibodies (Grandi and Izaurralde, unpublished observations) . This experiment has the caveat that we may not have used antibodies of a high enough concentration or that the antibodies may bind to Nup93 in pores but may not inactivate Nup93 function. A fraction of the antibodies raised to any given protein prove capable of functional inactivation. Future experiments, involving a more extensive panel of antisera to different regions of Nup93, may be required to comment further on an involvement of Nup93 in nuclear transport in vertebrates. Finally, we cannot exclude that Nup93 is involved in nuclear protein import of a subset of nuclear proteins required for efficient DNA replication and NPC biogenesis. It is therefore important to test whether the import of other karyophilic substrates (not containing a canonical NLS) that use other nuclear import routes is inhibited in Nup93 depleted nuclei.
Another defect seen in Nup93-depleted nuclei is an initial inhibition of DNA replication. Previously, depletion of another nucleoporin, Nup98/p97, from nuclei resulted in nuclei that could import but that had a profound and seemingly permanent defect in DNA replication (Powers et al., 1995) , unlike the delay of 1 h in replication by Nup93-complex-depleted intranuclei. Nup98 is a protein of the nuclear pore basket and the intranuclear interior (Powers et al., 1995; Radu et al., 1995) . Antibodies to Nup98, when injected into oocyte nuclei, block the export of multiple classes of RNA (Powers et al., 1995) . Antibodies to Nup93 to date, however, do not block RNA export (Grandi and Izaurralde, unpublished results) . We think it likely that in the case of the Nup93-depleted nuclei, the lesser number of complete nuclear pores has led to a secondary effect on DNA replication. Interestingly, however, when anti-Nup93 antiserum was included in a nuclear reconstitution reaction from t ϭ 0, replication was severely blocked (Figure 11 ). In this experiment, Nup93 with attached antibody might assemble into pores and block further pore assembly and function, so that import, export, and replication are all blocked. Further experiments will have to be done to assess the cause of the defects seen in the presence of antibody.
In yeast, immunolocalization is frequently not possible. Thus, it was of interest to identify the localization of Nup93, as the sequence homologue of yeast Nic96p and as a protein required for complete pore biogenesis. We found by immunocytochemical methods that vertebrate Nup93 was localized to distinct substructures of the nuclear pore, i.e., the nuclear baskets and at or near the nuclear entry to the central gated channel of the NPC. One can imagine that a protein located in these central and basket regions, when absent, would affect the ability of proteins such as p62 and Nup153 to assemble correctly. Their absence could in turn affect the assembly of Nup214/ CAN, to which p62 can be found complexed, leading to incorrect or incomplete nuclear pore biogenesis.
Of interest to gaining knowledge of the central ring/ scaffold portion of the nuclear pore is our discovery of a new potential vertebrate pore protein, p205. This protein, identified by high-sensitivity mass spectrometry, immunoprecipates in a complex with Nup93 both from extracts of vertebrate pores and from the cytosol of Xenopus eggs that contains unassembled subcomplexes of the pore. Powerful mass spectrometric methods have previously been developed which, in combination with the completely sequenced genome of S. cerevisiae, allow rapid identification of low amounts of gel-separated yeast proteins (Shevchenko et al., 1996b) . As we found herein in the analysis of the novel 205-kDa protein, mass spectrometric sequencing, while more difficult in vertebrates, can also readily be used to determine protein sequence in the vertebrate system. The human peptide sequences obtained by such means allowed identification of a single human gene in the database that encoded a protein containing identical peptide sequences, KIAA0225. Homologues in size and in their presence in a Nup93 complex are present in humans, rats, and Xenopus. A search of sequence databases reveals related homologues in C. elegans and S. cerevisiae of 192 kDa. We are now raising antisera to determine whether the vertebrate complex between Nup93 and p205 can also be observed in extracts of yeast nuclear pores. Analysis of the predicted homologue in yeast, ORF YJL039c, will allow us to complete the circle that was begun by using a yeast protein, Nic96p, to search for a vertebrate homologue, analyze its vertebrate localization, use nuclear reconstitution systems to assess vertebrate function, identify a putative pore protein, p205, and return to the yeast system for genetic analysis of the yeast homologue. Thus, we can use each system for distinct purposes and synergistically extend the knowledge of nuclear pore structure and function.
Using knowledge from an evolutionarily distant organism, we have made inroads on identifying proteins central to the vertebrate nuclear pore, Nup93, and a partner protein, p205, and have elucidated a fundamental molecular similarity between yeast and vertebrate nuclear pores.
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